Societal and economic research and applications can significantly improve understanding of weathersociety interactions, benefiting the meteorological community and society.
• estimating the economic value of weather forecasts; and
• developing decision-support systems and tools.
These priorities, while not exhaustive, were selected because they simultaneously address critical societal needs for weather forecasts, connect with weather prediction community interests, and are at the intellectual forefront of social science and interdisciplinary research. We then discuss SERA research integrated across the five themes and with other meteorological research. We close by recommending next steps, looking back at previous related efforts and looking forward to new opportunities. The ideas presented are the authors' collective interpretation of community interests and needs, reflecting contributions from many additional meteorologists and social scientists that resonated at the workshop and in other discussions.
The interdisciplinary and social science research concepts and methods required to examine societal aspects of weather are unfamiliar to many atmospheric scientists. To bridge this gap, one goal of the article is to familiarize non-experts with key SERA ideas and methods. The discussion of each research priority therefore begins with a brief overview for non-experts. It then continues by articulating interesting topics for research, highlighting possible foci and methods. Although the article summarizes concepts and priorities briefly without extensively citing previous work, further background knowledge, more detailed discussions of research questions and methods, and additional references can be found in the workshop theme papers, workshop report, and other materials available at http://www.sip.ucar.edu/thorpex.
If weather prediction and THORPEX are to realize their potential societal benefit, another important issue is collaboration among developed and developing countries. While not addressed in the article, this topic was discussed at the workshop; further information can be found at http://www.sip.ucar.edu/thorpex.
Connections with related efforts
This article and the THORPEX SERA program build on several previous efforts to motivate weather/society research and develop related research agendas. These include workshops on societal aspects of weather for the Mesoscale Research Initiative (Glantz and Tarleton 1991) and the U.S. Weather Research Program (Pielke and Kimple 1997) and work within the World Weather Research Program (Anderson-Berry et al. 2004) . Our ideas also build on previous work in socioeconomic aspects of weather (e.g., Pielke et al. 2000 , Scharff et al. 2004 , Katz 2006 , NOAA 2006 ; in related areas such as seasonal-to-interannual climate prediction, climate change, hydrology and water resources, and natural hazards; and in a variety of other fields.
Some of the general concepts we discuss -such as the importance of approaching SERA activities from a socioeconomic rather than meteorological perspective -are similar to those articulated in previous efforts. Other ideas -such as understanding and improving uncertainty communication -are revised or new, based on recent developments in meteorology and social science and on input from new participants.
Previous attempts to develop sustainable interdisciplinary efforts in societal aspects of weather have not been as successful as many participants had hoped. We believe now is an opportune time to reinvigorate such activities for several reasons. First, recent developments indicate that interest in SERA within the meteorological community is growing. Examples include the American Meteorological Society (AMS) Policy Program and Summer Policy Colloquium; the Weather and Society * Integrated Studies program (Demuth et al. 2007 ); efforts to build social science capacity within NOAA (e.g., Anderson et al. 2003; NOAA 2007) (IPCC 2007) . These developments are part of a broader trend in science and research, in which many communities are evolving towards more interdisciplinary and society oriented activities (Lattuca 2001 , NRC 2003b . NSF, for example, has initiatives in areas such as Coupled Human/Natural Systems and mandates that all proposals address a "broader impacts" criterion. As this momentum builds, more social and natural scientists are growing interested in the collaborations necessary for SERA activities.
To develop SERA priorities that both build on existing knowledge and reflect cutting-edge ideas in different disciplines, we reviewed existing work and solicited pre-workshop discussion papers on four SERA themes 6 . We incorporated expertise from a wide variety of fields through the workshop participants, whose background represented natural hazards, climate and water resources, hydrology, engineering applications, economics, psychology, communication, geography, sociology, and other domains. Most of the workshop participants had not previously been involved in THORPEX and many had not previously collaborated extensively with the weather community. Consequently, a range of new perspectives were incorporated in the discussions. The result is a set of SERA concepts and priorities focused around current knowledge, needs, and opportunities, presented here to a new largely new audience.
Framing socioeconomic research and applications for weather prediction
To provide a shared interdisciplinary context for discussing SERA priorities for weather prediction, here we address two topics that motivate and frame SERA activities.
a. What are high-impact weather forecasts?
Many national hydrometeorological services and weather prediction programs, including THORPEX, focus explicitly or implicitly on improving high-impact weather forecasts (e.g., NWS 2001 , MSC 2004 , SMN 2006 , WMO 2006 . Despite this shared focus, people interpret "high-impact weather forecasts" in different ways. These different interpretations can strongly influence how individuals frame SERA activities. Because high-impact weather forecasts are a primary point of intersection between SERA and other weather prediction activities, a shared understanding is important. We propose the following working definition:
High-impact weather forecasts provide information that individuals or organizations can use in making decisions that may significantly mitigate costs or enhance benefits.
This may include forecasts of extreme and routine weather, and of "favorable" and "unfavorable" weather (e.g., Pielke and Carbone 2002) , all of which depend on the users'
perspective. Costs and benefits may be any outcome of interest to users or society, including personal safety, property damage, health, environmental quality, and economic well-being. The emphasis here is on the impact of the forecast, rather than solely on the impact of the weather.
To simplify their focus, meteorologists often emphasize improving forecasts of extreme weather (interpretation a above) or high-impact weather (interpretation b). In many cases, highimpact weather forecasts (interpretation c) are a subset of forecasts of high-impact weather, so such efforts still have societal relevance. However, even accurate, well-communicated forecasts of high-impact weather may not have benefit if potential users do not understand the forecast information or its relevance, perceive no options arising from the forecasts, have insufficient time to take action, or do not act. This distinction is illustrated by Hurricane Katrina in New
Orleans. While forecasts of this extreme, high-impact event affected many decisions, much of the property at risk could not be moved out of harm's way. Moreover, for a variety of reasons, some people did not or could not act on the forecasts, with devastating consequences. Society will reap the greatest benefit not simply from improvements in forecasts of extreme or other high-impact weather, but from improvements in high-impact forecasts-whether of a major hurricane or tomorrow's temperature. As this discussion suggests, it is important to understand not only which forecasts have highest impact, but which types of forecast improvements are likely to have highest (positive) impact.
b. How do forecasts relate to societal outcomes and enhance value?
Figure 1 depicts a simple model of the weather forecast -society system and the chain from forecast creation to value realization. The model illustrates how the SERA priorities discussed in this article connect with each other and with other aspects of weather prediction. As we found at the workshop, the model also provides a framework for people with different backgrounds and expertise to discuss views of the weather-society system and SERA knowledge gaps.
The "Weather Forecast System" box at the top of Fig. 1 encompasses meteorological aspects of weather prediction, including observing systems, data assimilation, numerical modeling, forecasting, and related research. 7 The forecast information produced by this system (including uncertainty) is communicated directly or through intermediaries to users, who combine the forecasts with other information in their decisions, affecting outcomes. In reality, there are a quasi-infinite number of users and decision contexts, represented here in an aggregated fashion.
The impacts of current or improved forecasts accrue along the different stages of this chain.
Forecast value is determined according to the outcomes of interest from the users' or society's point of view and thus has different interpretations in different contexts (e.g., reduced casualties or property damage, resources saved, avoidance of discomfort or misery, enhanced environmental sustainability). In general, however, value is the net economic benefits and improvements in societal well-being, broadly defined, that are realized from having the weather forecast information.
The first two research priorities represented in the diagram are the use of forecast information in decision making and the communication of forecast uncertainty. A third priority, decision support systems and tools, more formally integrates forecasts with other relevant information to help users make decisions. The final two priorities represented, on the right-hand side of the figure, are two perspectives for evaluating the forecast system: verification and valuation.
Although forecast verification often focuses on measures of quality based in the weather forecast system portion of the diagram, more user-relevant verification approaches can help communicate user needs and value back to the weather forecast system and into decision support tools.
Forecast value can be added (or lost) at each stage within the chain; these sum to total value, the net benefit obtained by a decision maker, an economic sector, or society.
The diagram is consistent with an end-to-end-to-end weather forecasting system (Morss et al. 2005b ) and the interactive forecast system proposed by THORPEX, in which feedback from users, outcomes, and value can flow back to the researchers, developers, and providers that form the weather forecast system. This integrated feedback is represented by the curved blue arrow arching back from users and outcomes to the weather forecast system. The diagram also demonstrates how the research priorities interconnect around central concepts such as the use of forecast information in decisions.
Priorities for research and applications

a. Understanding the use of forecast information in decision making
Understanding how users interpret forecast information and apply it in decision making is a research priority for two reasons. First, the knowledge gained can help the meteorological community provide more useful information, benefiting society. Second, this knowledge provides the foundation needed for other SERA activities.
The use of forecast information in decision making involves a complex set of processes (e.g., Relevant methods include those that assume an optimizing decision maker, such as experiments with cost-loss and more complex prescriptive models, and those that examine decisions under more realistic conditions (e.g., Katz and Murphy 1997 All decisions involve multiple sources of information and uncertainty. Thus, many of the factors discussed above on the use of forecasts in decision making are important to communicating uncertainty. Another consideration in weather forecasting is that users often receive forecasts from multiple channels, which may affect their perception of uncertainty.
Simply providing more information about forecast uncertainty, without considering these factors, may not benefit many users. Forecast users also have varying preferences, abilities, and information needs. Some users can understand and use relatively complex, quantitative descriptions of forecast uncertainty, while others may be averse to ambiguity (Ellsberg 1961 ).
Furthermore, a given user may have different preferences depending on the time he/she has available and the particular situation. To be effective, the presentation of uncertainty information 
c. Developing user-relevant verification methods
Forecast verification is the process of evaluating forecasts. Although verification can serve "administrative," "scientific," and "economic or user" purposes ( forecast information needs. Verification approaches that are more user-relevant will not only provide users with valuable information about forecast quality but will also feed back into scientific and administrative verification, helping researchers and forecasters generate more userrelevant and hence more beneficial forecasts. For example, employing verification methods relevant for a broad spectrum of users can help administrators allocate resources for forecasting, including model development, in ways that enhance forecast value.
A priority in incorporating more user relevance into verification methods is working with specific user groups to identify meaningful forecast attributes and approaches to forecast evaluation. Other research topics include understanding what types of verification information could benefit users, how to communicate this information to users, and how to incorporate this information into decision making and decision support tools. One mechanism for conducting this research is a set of interdisciplinary case studies to conceptualize, develop, and employ userrelevant verification approaches with different user groups. Each case study would investigate users' forecast and verification-related needs through methods such as interviews, surveys, and focus groups, combined with expertise in verification techniques. These results can then be synthesized to develop more general approaches to user-relevant verification.
d. Estimating the economic value of weather forecasts
In economic terms, the value of forecasts is measured by individual or aggregated changes in well-being (utility), broadly defined, associated with changes in forecast information (Letson et al. 2007) . Such changes in well-being are often, but not always, monetized and expressed in dollar terms. Estimates of the economic value of forecasts are often sought to aid policy decisions and motivate investments in forecasts. However, economic valuation studies can also contribute to fundamental understanding by illuminating people's preferences for forecast information.
Although some weather forecasts are developed and sold by the private sector, most weather forecasts, as public goods, are not bought and sold in ordinary markets, and most private sector forecasts rely on public good weather data. Because there are no market prices that directly yield information about the forecasts' value, the value of most weather forecasts must generally be estimated as non-market goods (Freebairn and Zillman 2002a,b) . In addition to the research that has been performed on the economic value of weather forecasts (e.g., Katz and Murphy 1997 , Lazo and Chestnut 2002 , Katz 2006 , a broad literature exists on the value of other types of information (Lawrence 1999) , providing knowledge and tools that can be applied to weather forecasting.
Priority research topics include estimating the value of different changes in forecast information, evaluating users' preferences among forecast changes, and identifying trade-offs among forecast changes. All can be investigated using the well-established tools economists have developed to value other non-market goods, such as environmental amenities (Freeman 2003 Roulston et al. 2006) , and decision-making models (Clemen and Reilly 2001).
Using cost-benefit analysis techniques, forecast valuation results can be integrated with cost information and meteorological knowledge to evaluate the societal costs and benefits of different forecasts (e.g., Morss et al. 2005a . Such research will address THORPEX resource allocation questions related to observing network design and the proposed interactive adaptive observing system (Shapiro and Thorpe 2004) , as well as related policy questions posed by the U.S. atmospheric science community (e.g., Emanuel et al. 1997 , NRC 1998 .
e. Developing decision support systems and tools
Decision support serves as a bridge to connect specific users with weather information providers. Decision support systems (DSSs) typically consist of computer-based platforms that integrate relevant data to help decision makers structure problems and objectively identify and evaluate decision alternatives (Eierman et al. 1995; Reich and Kapeliuk 2005) . Also relevant are less formal decision support tools that help decision makers use information to address weatherrelated problems. Currently, weather-related DSSs and tools are most common in aviation, water management, and agriculture, but examples are also found in natural hazard management and the energy, surface transportation, and public health sectors.
DSSs and tools can benefit users by helping them incorporate new types of forecast information into their decision processes or increasing the value of forecast information that they already use. The development of DSSs and tools can also help forecast providers understand users' needs, facilitating forecast product improvements. A key component of developing successful DSSs and tools is a thorough understanding of the targeted users' decision-making contexts. This involves understanding users' weather-related problems and weather-information needs, including their outcomes of concern, the relationship between weather and these outcomes, and the alternatives they can employ to manage outcomes in response to weatherrelated risks or opportunities. This also involves understanding users' values and beliefs, along with the organizational, technical, political, and other aspects of their environments that may affect their decisions.
DSSs and tools are generally most effective when the targeted users are actively involved in the development process. Engaging users allows them to vet, test, and implement the tool at different stages. Doing so also builds trust, promoting adoption of the tool and use of the information it provides. Moreover, involving users in the development process facilitates mutual learning with researchers, building capacity on both sides. Fully engaging users in the development process requires building substantive relationships over a period of time -often several years or longer. Because this engagement is time-intensive, developers often work closely with one or a few users to develop a prototype tool, then, if appropriate, implement and test the tool more widely.
A major priority in this area is developing systems and tools that help different types of users (current and potential) incorporate existing and improved weather forecasts into decisionsparticularly forecasts containing uncertainty information. Such research can both facilitate new uses of forecasts in already-served sectors and benefit user groups that are currently underserved.
Another priority, to help researchers leverage existing knowledge, is synthesizing best practice guidelines for assessing user needs and building decision support tools.
Integrated research
As Fig. 1 and the above discussion illustrates, the five priority areas are interrelated; all are centered on users' forecast-related decisions. There are also synergies among the priority areas.
For example, advanced verification methods can help estimate forecast value, and they can help convey complex forecast content (including uncertainty) in formats more readily usable in decision making and decision support. In addition, many of the proposed SERA activities involve bringing meteorologists together with forecast users and researchers from other disciplines. To take advantage of these synergies and promote cross-disciplinary learning, we propose SERA activities that integrate research in all five priority areas, with several interdisciplinary research teams studying different aspects of a single user's or sector's weatherrelated decisions.
As an example, one integrated research project might focus around a local or regional water resource management organization's forecast-related decisions, including decisions about storing and releasing water, scheduling maintenance, and managing water supply. A set of teams including (at minimum) expertise in meteorology, hydrology, verification, decision sciences, economics, psychology, and software engineering would, along with members of the water management organization and other stakeholders:
1. Examine users' forecast-related decision processes, current and potential future use of forecast information, and forecast information needs.
2. Explore how communicating forecast information, including uncertainty, in alternate ways affects users' decisions and societal outcomes.
3. Develop, test, and implement a decision support tool to help users incorporate forecast information into their decisions.
4. Develop and test alternate user-relevant verification measures.
5. Identify and estimate the value of different types of forecast information, with and without the decision support tool. 
